This study describes the mixed convection stagnation point flow and heat transfer of a Jeffery fluid towards a stretching surface. Mathematical formulation is given in the presence of thermal radiation. The Rosseland approximation is used to describe the radiative heat flux. Similarity transformations are employed to reduce the partial differential equations into the ordinary differential equations which are then solved by a homotopy analysis method (HAM). A comparative study is made with the known numerical solutions in a limiting sense and an excellent agreement is noted. The characteristics of involved parameters on the dimensionless velocity and temperature are also examined. It is noticed that the velocity increases with an increase in Deborah number. Further, the temperature is a decreasing function of mixed convection parameter. We further found that for fixed values of other parameters, the local Nusselt number increases by increasing suction parameter and Deborah number.
Introduction
Considerable attention has been directed in the past to the boundary layer flows of non-Newtonian fluids. Such fluids are quite common in process of manufacturing coated sheets, foods, optical fibers, drilling muds, plastic polymers etc. The relationships between the shear stress and flow field in these fluids are very tedious and thus offer interesting challenges to the researchers. Inspite of all these challenges, the researchers in the field are even making valuable contributions in the investigations of non-Newtonian fluids [1 -15] .
The flow and heat transfer over a stretching surface is important in the process of extrusion, paper production, insulating materials, glass drawing, continuous casting, fine-fiber matts etc. Several attempts regarding the stretching and stagnation-point flows have been made under various aspects. Convective heat transfer further plays a vital role in nuclear power plants, gas turbines, and various propulsion devices for aircraft, missiles, satellites, and space vehicles and in several engineering applications. Thermal radiation on heat transfer processes are useful in the design of many advanced energy conservation systems operating at high temperature. Chiam [16] studied the two-dimensional stagnation-point flow of a viscous fluid towards a linear stretching surface. Mahapatra and Gupta [17] discussed the heat transfer in the stagnation point flow towards a stretching surface. The steady stagnation point flow of an incompressible micropolar fluid bounded by a stretching surface is presented by Nazar et al. [10] . Xu et al. [18] performed computation for an unsteady flow of hydrodynamic power law fluid near a stagnation point flow. Sadeghy et al. [19] numerically studied the stagnation point flow of an upper convected Maxwell fluid. Hayat et al. [20] investigated the magnetohydrodynamic (MHD) flow of a microploar fluid near the stagnation point flow of a micropolar fluid near a stagnation point. Ishak et al. [21, 22] investigated the mixed convection stagnation point flow of an incompressible viscous fluid towards a vertical permeable stretching sheet. The effect of thermal radiation on mixed convection boundary layer magnetohydrodynamic stagnation point flow in a porous space has been investigated by Hayat et al. [23] . The aim of the current study is two fold. Firstly, to extend the analysis of [21] from viscous to a Jeffrey fluid. Secondly, to provide an analytic solution of the resulting nonlinear system. The series solution of the mathematical problem is derived by the homotopy analysis method (HAM). Previously this method has been successfully applied for other problems [24 -32] . The present study is arranged as follows. Section 2 consists of the problem formulation. The series solutions of velocity and temperature are derived in Section 3. Convergence of the obtained series solutions are analyzed in Section 4. Section 5 presents the discussion of plots and tables. Section 6 presents the main conclusions.
Problem Formulation
We consider the two-dimensional flow near a stagnation point in the half space y > 0. The sheet in the XOZ plane is stretched in the x-direction such that the velocity component in x-direction varies linearly along it. The ambient fluid moves with a velocity ax. The heat transfer effects are taken into account. The velocity u w (x) and the concentration T w (x) of the stretching sheet is proportional to the distance x from the stagnation-point, where T w (x) > T ∞ . In the absence of viscous dissipation the equations governing the boundary layer flow can be written as
In the above equations u, v denote the velocity components along the x-and y-axes, ρ the fluid density, ν the kinematic viscosity, T the temperature, α the thermal diffusivity, c p the specific heat, k the thermal conductivity of the fluid, g the gravitational acceleration, β T the thermal expansion coefficient, q r the radiative heat flux, λ 1 the ratio of relaxation and retardation times and λ 2 is the relaxation time.
Through Rosseland approximation [32] , we can write
where σ * is the Stefan−Boltzmann constant, k * the mean absorption coefficient, and, by Taylor series,
Equations (3) - (5) give
The appropriate boundary conditions can be expressed as
with f (0) = S (with S > 0 for suction and S < 0 for injection), c is a stretching rate, and the subscripts w and ∞ have been used for the wall and the free stream conditions. Selecting
is satisfied and (2) and (6) reduce to
where the Deborah number β , the Prandtl number Pr, the radiation parameter N R , the local Grashof number Gr x , mixed convection parameter λ , the local Reynold number Re x , and suction parameter S are
The local Nusslet number Nu x at the wall and q w are
The dimensionless variables lead to the expressions given below:
Series Solutions
In order to proceed for the HAM solutions, we select the base functions
and write
where a k m,n and b k m,n are the coefficients. The initial guesses ( f 0 and θ 0 ) and auxiliary linear operators (L f , L θ ) are
and C i (i = 1 -5) are the arbitrary constants. The embedding parameter is p ∈ [0, 1] and the non-zero auxiliary parameters are h f and h θ . The corresponding problems at zeroth order are given by
The above zeroth-order deformation equations (20) and (21) for p = 0 and p = 1 have the following solutions:
We noticed that when p increases from 0 to 1 then f (η, p) varies from the initial guess f 0 (η) to the exact solution f (η). Employing Taylor's theorem and (26) and (27) , we arrive at
, where the convergence of the series (28) and (29) depends upon h f and h θ . The values of h f and h θ are selected such that (28) and (29) are convergent at p = 1. Hence,
The deformation problems at the mth order are
and the general solutions are
with f * m and θ * m as the particular solutions using (35) one obtains
The system of (33) -(35) for m = 1, 2, 3 . . . can be solved by using symbolic software Mathematica. 
Convergence of Series Solutions
The auxiliary parametersh f andh θ in the series solutions (31) and (32) are very useful in adjusting and controlling the convergence. In order to find the allowed values ofh f andh θ , theh f , andh θ -curves are shown for 20th order of approximations. Figure 1 shows that the range for the admissible values ofh f andh θ are −1.0 ≤h f ≤ −0.2 and −1.2 ≤h θ ≤ −0.3. Further, the series (31) and (32) converge in the whole region of η whenh f = −0.5 andh θ = −1. Table 1 provides the convergence of the homotopy solutions for different order of approximations when λ 1 = 0.2, β = 0.3, a/c = 0.1, Pr = 0.5, λ = 0.5.
Results and Discussion
This section emphasizes the effects of mixed convection parameter λ , stretching ratio a/c, suction parameter S, Prandtl number Pr, radiation parameter N R , Deborah number β , and the parameter λ 1 on the velocity and temperature fields. Such effects have been Figure 2 describes the influence of mixed convection parameter λ on the velocity and temperature profiles, respectively. It is observed that f is an increasing function of λ . This is due to the fact that increasing values of λ make the buoyancy force stronger and thus increases the velocity. However, an opposite trend is found for the temperature profile θ . The effect of ratio a/c on the ve- locity f and temperature θ are displayed in Figure 3 .
The larger values of a/c enhance the free stream velocity. The stronger free stream velocity makes the thermal boundary layer thinner. The influence of suction parameter S is shown in Figure 4 . These figures show that velocity and boundary layer thickness are decreasing functions of S. The thermal boundary layer thickness also decreases with S. This is quite in accordance with the fact that suction causes reduction in the momentum boundary layer thickness. Figure 5 describes the effects of Pr on f and θ , respectively. Increase in Pr decrease the velocity profile. Infact, an increase in the Prandtl number leads to an increase in fluid viscosity which causes a decrease in the flow velocity. As expected, it is found that θ decreases when Pr increases. A higher Prandtl number fluid has a thinner thermal boundary layer and this increases the gradient of the temperature. Figure 6 clearly indicates that an increase in the radiation parameter N R leads to an increase of the temperature profiles and of boundary layer thickness with N R . It can be seen from Figure 7 that the velocity field and boundary layer thickness are increasing functions of β . The temperature decreases for larger values of β (Fig. 7) . It is observed from Figure 8 that the effect of λ 1 is opposite to the effect of the Deborah number β . The influence of λ 1 is to increase the thermal boundary layer thickness (Fig. 8 ). Figure 9 shows the variations of the local Nusselt number −θ (0) with λ for different values of Pr and N R , respectively. It is evident from Figure 10 that both the Prandtl number Pr and the mixed convection parameter λ show similar effects on the local Nusselt number, i.e increasing Pr and λ decreases the values of −θ (0). Table 1 is displayed to examine the convergence of series solution which indicates that convergence is achieved at 15th order of approximations. Tables 2 -5 Table 4 . Table 6 shows that the local Nusselt number −θ (0) increases by increasing both λ and β .
Closing Remarks
Mixed convection stagnation point flow of a Jeffrey fluid towards a stretching sheet is analyzed. Series solution is computed by means of homotopy analysis method. The main observations are listed below.
• The effects of λ and a/c on the velocity profile f are similar in a qualitative sense.
• The velocity f increases when β increases.
• The influence of λ is to increase the boundary layer thickness.
• Both f and θ are decreasing functions of S.
• The temperature θ yields decrease when Pr increases.
• Local Nusselt number is an increasing function of S, λ , a/c, and Pr.
